Objective and subjects: To investigate the role of resistin gene variants on the adiposity and metabolic changes observed in response to a 100-day overfeeding protocol conducted with 12 pairs of monozygotic twins. Measurements: Body-fat measurements included hydrodensitometry and abdominal fat from computed tomography. Plasma glucose and insulin during fasting and in response to an oral glucose tolerance test (OGTT) were assayed. A 4.2 MJ test meal was consumed, after which calorimetric measurements were performed for 240 min. Results: Respiratory quotient (RQ) decreased (P ¼ 0.001) more in AA/AG than in GG subjects of the IVS2 þ 181G4A polymorphism after the caloric surplus and the significance persisted when correction for multiple testing was performed. Total abdominal (P ¼ 0.027) and visceral (P ¼ 0.004) fat increased more in TC than in TT subjects of the IVS2 þ 39C4T polymorphism. In response to overfeeding, glucose area under the curve during the OGTT showed a slight decrease (P ¼ 0.031) in the TC while it increased in TT subjects. OGTT insulin area tended to increase less (P ¼ 0.055) in TC than in TT subjects. After overfeeding, fasting insulin was lower in TC than in TT subjects (P ¼ 0.010). In addition, TC subjects experienced more decrease in RQ than TT subjects (P ¼ 0.034). Conclusion: The IVS2 þ 181G4A variant was associated with the changes in RQ in response to overfeeding. The IVS2 þ 39C4T polymorphism was associated with overfeeding-induced changes in abdominal visceral fat, OGTT glucose area and RQ. The results suggest that sequence variation in the resistin gene is involved in the adaptation to chronic positive energy balance.
Introduction
Resistin is a novel peptide hormone that belongs to a family of tissue-specific resistin-like molecules (Steppan et al, 2001b) originally named for their apparent role in the resistance to insulin (Steppan & Lazar, 2002) . Thiazolidinediones, which produce insulin-sensitizing effects (Nolan et al, 1994) , decrease resistin expression in most studies (Haugen et al, 2001; Moore et al, 2001; Hartman et al, 2002) . Steppan et al (2001a) suggested that resistin is a hormone that links obesity to diabetes. Interestingly, regional variation in the expression of resistin mRNA (McTernan et al, 2002a) and protein levels in humans (McTernan et al, 2002b) has been observed with the highest levels found in the abdominal depot. However, subsequent studies have supported the concept that insulin resistance and obesity are actually associated with a decreased resistin expression (Juan et al, 2001; Nagaev & Smith, 2001; Way et al, 2001; Janke et al, 2002; Levy et al, 2002) .
A search for single-nucleotide polymorphisms in the resistin gene has yielded variants in the noncoding but not in the coding region. Recently, three SNPs in the promoter, intron 2, and intron 3 regions were shown to be associated with an insulin sensitivity index in interaction with body mass index (BMI) in a study conducted on individuals of Northern European ancestry (Wang et al, 2002) . Similarly, a synergistic effect of sequence differences at the resistin locus on obesity and risk of type II diabetes has been observed . In addition, two resistin promoter polymorphisms were associated with obesity in a French Canadian population (Engert et al, 2002) , and an ATG repeat in the 3 0 -untranslated region of the human resistin gene was recently associated with a decreased risk of insulin resistance (Pizzuti et al, 2002) . However, genetic variations at the resistin gene did not show any association with obesity or type II diabetes in Italian (Sentinelli et al, 2002) or Japanese (Osawa et al, 2002) populations, and the true role of resistin in animals and, particularly, in humans remains to be fully clarified. The aim of this study was to explore the role of polymorphisms in the resistin gene on the adiposity and metabolic changes observed in response to a long-term (100 days) overfeeding protocol conducted with 12 pairs of monozygotic twins.
Subjects, materials and methods
In total, 12 pairs of young (aged 2172 y) male identical twins of French-Canadian origin provided written consent to participate in an overfeeding study approved by the Laval University Medical Ethics Committee and the Office for the Protection from Research Risks of the National Institutes of Health (Bethesda, MD, USA). The men were housed in a closed section of a dormitory on the campus of Laval University. During the period of overfeeding, the men ate a 4.2 MJ/day (1000 kcal) energy surplus, 6 days a week, during a period of 100 days. On the 7th day of each week, they consumed their habitual daily energy intake. The subjects were under 24-h supervision by members of the project staff who lived with them. The specific aims, study design, and methodology of this overfeeding protocol have been described elsewhere (Bouchard et al, 1990) . In this study, the twins are considered for analysis purposes as 24 subjects and as 12 pairs. Each man stayed in the unit for 120 consecutive days: 14 days for the assessment of baseline daily energy intake; 3 days for testing before the period of overfeeding; 100 days for the period of overfeeding; and 3 days for testing after the period of overfeeding.
Body composition and regional fat distribution measurements The data on body weight represent the mean measurement of 3 days, in each case the day on which the underwater weighing was done and the days before and after. Body density was determined by the hydrostatic weighing technique (Behnke & Wilmore, 1974) and percentage body fat was calculated with a standard equation (Siri, 1956) . Abdominal CT scanning was performed before and after the overfeeding period with a Siemens Somatom DRH scanner (Erlangen, Federal Republic of Germany) as reported earlier (Sjostrom et al, 1986) .
Resting metabolic rate
The measurement of resting metabolic rate (RMR) was performed in a 12 h fasted state using an open-circuit indirect calorimetric system, as previously described (Tremblay et al, 1992) . Upon arrival at the laboratory, the subject was placed in a comfortable reclining seat with his head inside a Beckman ventilated hood system (Schiller Park, IL, USA). Then the subject rested for 30 min to reduce previous disturbing influences, and RMR was assessed over the next 30 min. The concentrations of oxygen and carbon dioxide were measured using the paramagnetic and infrared analyzers (OM-11 and LB-2, Beckman), whereas pulmonary ventilation was determined with a Fleisch respirometer. The analyzers were calibrated with standardized gases just before the measurements.
Thermic effect of food
After the measurement of RMR, a catheter was inserted into an antecubital vein, and blood samples were obtained. The subject then consumed in 15 min a standardized 4.2 mJ (1000 kcal) meal with the following composition: 50% carbohydrate, 35% lipid, and 15% protein. Blood samples were collected every 60 min during the next 4 h after the ingestion of the meal and the calorimetric measurements were performed for 4 h while the subject remained in a semireclined position.
Plasma glucose and insulin determinations
The plasma glucose level was measured enzymatically (Richterich & Dauwalder, 1971) , and the plasma insulin by radioimmunoassay (RIA) (Nadeau & Morissette, 1973) . Glucose and insulin total areas under the curve during an oral glucose tolerance test (OGTT) were determined with the trapezoid method. Subjects ingested 75 g of glucose and were monitored for 3 h as described earlier (Oppert et al, 1995) .
Genotype measurements
Genomic DNA was isolated from lymphoblastoid cell lines (Neitzel, 1986) .. Resistin IVS2 þ 181G4A and IVS2 þ 39C4T polymorphisms have been reported earlier (Engert et al, 2002; Osawa et al, 2002) . Primers for the IVS2 þ 39C4T polymorphism were: forward, AGTGACAGCTGCTCCTGCG and reverse, ATGAGATTTGGTGAGCGCT and for the IVS2 þ 181G4A polymorphism: forward, GAGAGGATC-CAGGAGGTCG and reverse, GTGAGACCAAACGGTCCCT.
Statistical analysis
Differences in phenotype changes (percent and absolute changes) between the genotypes were assessed by t-tests. However, since both series of results were highly concordant, the emphasis is put on percent changes in this report. Percent changes were calculated from individual scores. Analyses were performed both with the 24 subjects considered as unrelated persons and the phenotype mean of each of the 12 pairs. Statistical analyses were performed with the SAS statistical package (SAS Institute, Cary, NC, USA).
Results
Changes in body weight, body composition and fat distribution with overfeeding in this study of identical twins have been reported previously (Bouchard et al, 1990) . The resistin IVS2 þ 181G4A and IVS2 þ 39C4T markers were not in linkage disequilibrium (D 0 ¼ 0.6689, r 2 ¼ 0.2858).
The changes with overfeeding in body weight, fat mass, and CT-abdominal adiposity measures for the resistin IVS2 þ 181G4A and IVS2 þ 39C4T genotypes are shown in Table 1 . Because of the low number of AA homozygotes for the IVS2 þ 181G4A polymorphism (n ¼ 2), they were pooled together with the AG genotype subjects in all analyses. Body weight was higher both before and after overfeeding in GG and TT subjects than in those with the genotype AA/AG or TC of the IVS2 þ 181G4A and IVS2 þ 39C4T polymorphisms, respectively. Fat mass was also higher both before and after overfeeding in TT and before overfeeding in GG subjects than in those with the genotypes TC or AA/AG. Total abdominal (P ¼ 0.027) and visceral (P ¼ 0.004) fat increased more in TC than in TT subjects of the IVS2 þ 39C4T polymorphism (Table 1) .
Insulin and glucose areas under the curve during the OGTT as well as the means of all respiratory quotient (RQ) measurements are shown in Table 2 . Before overfeeding, both AA/AG and TC genotypes of IVS2 þ 181G4A and IVS2 þ 39C4T polymorphisms, respectively, displayed higher OGTT glucose area than subjects with the genotype GG or TT. OGTT glucose area was also higher after overfeeding in AA/AG than in GG subjects of the IVS2 þ 181G4A polymorphism. Moreover, the level of glucose area under the curve during the OGTT showed a slight decrease in the TC subjects while it increased in TT subjects of the IVS2 þ 39C4T polymorphism (P ¼ 0.031) ( Table 2) . OGTT insulin area tended to increase less (P ¼ 0.055) in TC than in TT subjects. Fasting insulin tended to decrease in TC subjects while it increased in TT subjects and, after overfeeding, fasting insulin levels were lower in TC than in TT subjects (P ¼ 0.01).
In response to overfeeding, the mean RQ at all time points (0, 15, 30, 45, 60, 90, 120, 150, 180, 210 and 240 min) after ingestion of the meal test decreased in AA/AG and TC while it increased in GG and TT subjects (P ¼ 0.001 and 0.034) of the IVS2 þ 181G4A and IVS2 þ 39C4T polymorphisms, respectively. When the correction for multiple tests was performed, the findings remained significant for RQ changes in the IVS2 þ 181G4A polymorphism but became only trends for the other phenotypes. After adjusting the changes of each phenotype for the initial value, the genotype effects for the changes in abdominal visceral fat persisted while they became nonsignificant trends for the other phenotypes.
The IVS2 þ 181G4A or IVS2 þ 39C4T polymorphisms were not associated with the resting metabolic rate at baseline or with its changes in response to overfeeding.
Discussion
It was reported recently that resistin mRNA levels are low during fasting but increase markedly when fasted mice are refed or after insulin administration (Kim et al, 2001) . Another gene expression study demonstrated that adipose tissue increases expression of multiple genes, including resistin, at the onset of high-fat-diet-induced obesity in rats (Li et al, 2002) . On the contrary, the mice expressing human alpha 2A-adrenergic receptor in adipose tissue in the absence of beta 3-adrenergic receptor that developed high-fat dietinduced obesity exhibited downregulated adipocyte resistin mRNA levels in isolated fat cells (Le Lay et al, 2001) . Therefore, the role of resistin in high-fat-induced obesity remains controversial.
In the present study, TC subjects of the intronic IVS2 þ 39C4T polymorphism in the resistin gene had lower weight before overfeeding. They also tended to have a higher RQ, which is thought to be associated with the risk of gaining weight as more fat is stored instead of being oxidized (Weyer et al, 2000) , although the matter is still controversial (Katzmarzyk et al, 2000) . Here we observed that TC subjects experienced a greater accumulation of fat into abdominal visceral depot. How could resistin and its genetic variation affect abdominal fat deposition? Regional variation in the expression of resistin has been observed. A recent report suggested an increase in resistin mRNA expression in abdominal depots compared with the thigh depot, providing one potential explanation for the increase in metabolic abnormalities seen in abdominal obesity (McTernan et al, 2002a) . The same group has recently confirmed that the increased expression of resistin in abdominal fat is also observed at the protein level (McTernan et al, 2002b ). In the current investigation, the glucose area during OGTT was higher before overfeeding in the TC than in the TT subjects, which is surprising considering the fact that TC subjects had Mean of all the RQ measurements (0, 15, 30, 45, 60, 90, 120, 150, 180, 210 and 240 min) after ingestion of the meal test. Shown are P-values when the t-tests were performed on the scores of the 24 men and when the mean scores of each twin pair were used.
lower body-fat mass. However, TC subjects showed less increase in glucose area during OGTT after exposure to overfeeding perhaps because of a higher baseline glucose area. They also tended to register a lesser increase in insulin area and actually had lower fasting insulin level after overfeeding. These changes in insulin metabolism were independent of those in abdominal visceral fat, which increased in subjects with the TC genotype after overfeeding. Another intronic marker, the IVS2 þ 181G4A polymorphism, was also associated with body composition with the GG genotype showing higher body weight both before and after overfeeding and higher body-fat mass before overfeeding than AA/AG individuals. Furthermore, the OGTT glucose area was lower in the GG than in the AA/AG subjects both before and after overfeeding. This is surprising since GG subjects had, both before and after overfeeding, significantly more total fat. The IVS2 þ 181G4A polymorphism was, however, associated strongly with the changes in RQ with AA/AG subjects exhibiting a decrease and GG subjects an increase in their RQ in response to overfeeding. These changes in RQ could be compensatory mechanisms to counteract the effects of overfeeding. In addition, these associations became nonsignificant trends after adjustment for the initial value of RQ. Both of these polymorphisms are located in a noncoding region and do not cause a change in the amino-acid sequence of the resistin molecule. Therefore, their effects are probably caused by another functional mutation in linkage disequilibrium with them. One important and obvious limitation of the present study is the small sample sizeFonly 24 young men (or 12 pairs of twins) were challenged by the caloric surplus. We cannot exclude the possibility of a sample bias since the frequencies of the two polymorphisms in this small sample are higher than reported earlier (Engert et al, 2002) .
In conclusion, both markers were associated strongly with total adiposity and glucose area during an OGTT before overfeeding. The IVS2 þ 39C4T polymorphism was associated with overfeeding-induced changes in total and abdominal visceral fat, OGTT glucose area and, to a lesser degree, with RQ following the ingestion of a meal. The IVS2 þ 181G4A polymorphism was associated with changes in RQ after overfeeding. The results suggest that the resistin gene may be involved in substrate oxidation, insulin metabolism and regulation of abdominal-fat deposition.
